Robin E, Marcillac F, Raddatz E. A hypoxic episode during cardiogenesis downregulates the adenosinergic system and alters the myocardial anoxic tolerance. Am J Physiol Regul Integr Comp Physiol 308: R614 -R626, 2015. First published January 28, 2015 doi:10.1152/ajpregu.00423.2014.-To what extent hypoxia alters the adenosine (ADO) system and impacts on cardiac function during embryogenesis is not known. Ectonucleoside triphosphate diphosphohydrolase (CD39), ecto-5=-nucleotidase (CD73), adenosine kinase (AdK), adenosine deaminase (ADA), equilibrative (ENT1,3,4), and concentrative (CNT3) transporters and ADO receptors A 1, A2A, A2B, and A3 constitute the adenosinergic system. During the first 4 days of development chick embryos were exposed in ovo to normoxia followed or not followed by 6 h hypoxia. ADO and glycogen content and mRNA expression of the genes were determined in the atria, ventricle, and outflow tract of the normoxic (N) and hypoxic (H) hearts. Electrocardiogram and ventricular shortening of the N and H hearts were recorded ex vivo throughout anoxia/reoxygenation Ϯ ADO. Under basal conditions, CD39, CD73, ADK, ADA, ENT1,3,4, CNT3, and ADO receptors were differentially expressed in the atria, ventricle, and outflow tract. In H hearts ADO level doubled, glycogen decreased, and mRNA expression of all the investigated genes was downregulated by hypoxia, except for A 2A and A3 receptors. The most rapid and marked downregulation was found for ADA in atria. H hearts were arrhythmic and more vulnerable to anoxia-reoxygenation than N hearts. Despite downregulation of the genes, exposure of isolated hearts to ADO 1) preserved glycogen through activation of A1 receptor and Akt-GSK3␤-GS pathway, 2) prolonged activity and improved conduction under anoxia, and 3) restored QT interval in H hearts. Thus hypoxia-induced downregulation of the adenosinergic system can be regarded as a coping response, limiting the detrimental accumulation of ADO without interfering with ADO signaling.
hypoxia, which exacerbates ATP-derived adenosine (ADO) production. Since ADO represents an important regulator of the embryonic cardiovascular function (35) , the present study focuses on the modulation of the adenosinergic system by hypoxia and its functional consequences in the developing heart. Generally ADO has negative chrono-, dromo-, and inotropic actions (28, 55, 62) and can be anti-or proarrhythmic both in adult and developing hearts (3, 5, 22, 25, 40, 51) . We have recently shown in the embryonic chick heart model that ADO metabolism mainly relies on ectonucleoside triphosphate diphosphohydrolase (eNTPDase, apyrase, CD39), ecto-5=-nucleotidase (eNT, CD73), adenosine kinase (AdK), and adenosine deaminase (ADA). CD39 and CD73 sequentially convert ATP to ADO and ADA mediates conversion of ADO to inosine (INO). ADO is transported across cell membrane by equilibrative (ENT1, 3, 4) or concentrative (CNT3) transporters and interacts with the four subtypes of ADO receptors (AR), i.e., A 1 AR, A 2A AR, A 2B AR, and A 3 AR (5, 22, 40, 41, 51) . Pharmacological disturbances of nucleosides metabolism and transport in the embryonic heart can rapidly lead to interstitial accumulation of ADO and INO and provoke arrhythmias in an autocrine/paracrine manner through A 1 AR and A 2A AR stimulation and ERK2 activation (41) . Activation of ADO receptors is also known to play a major role in protection of heart development against exposure to intrauterine hypoxia (39, 58) ; in regulation of heart rate, conduction, and contractility; and in modulation of substrate metabolism, in particular glucose uptake and utilization (18) . During early cardiogenesis the myocardium relies mostly on glycolysis for its energy needs (17, 42) . Glycogen is 10-to 20-fold more concentrated than in the adult heart, and when oxygen and glucose are lacking it represents an important source of glucose to maintain the production of glycolytically derived ATP with high, intermediate, and low glycogenolytic capacities in the atria (A), ventricle (V), and outflow tract (OT), respectively (42) . The fact that glycogen synthase (GS) activity is specially high in the embryonic/fetal heart, accounting for the important glycogen stores (14) , prompted us to investigate the role that ADO signaling could play in regulation of GS and glycogen content. Furthermore, to what extent a prolonged hypoxia during embryogenesis alters expression of the enzymes, transporters, and receptors of the adenosinergic system within the developing heart and affects its tolerance to a subsequent episode of anoxia/reoxygenation were examined. This work was aimed to decipher the mechanisms by which the developing myocardium can cope with an adverse hypoxic environment through ADO signaling, especially during a critical period of heart morphogenesis.
MATERIALS AND METHODS

Drugs, Antibodies, Reagents, and Medium
ADO, INO, specific agonists of A1AR (CCPA), A2AAR (CGS-21680), and A3AR (IB-MECA), and EHNA (inhibitor of ADA) were purchased from Sigma Aldrich. Goat anti-rabbit horseradish peroxidase-conjugated secondary antibody used for Western blotting determinations was from GE Healthcare. Antibodies against phosphorylated and total forms of AKT, GSK3␤ (Ser9), and GS were from Cell Signaling. Anti-HIF-1␣ was from Novus Biologicals and anti-GAPDH from Abcam. Immunoreactive bands were detected with enhanced chemiluminescent procedure. To assess apoptotic activity, the anti caspase-3 monoclonal antibody from Cell Signaling Technology was used to detect pro-caspase-3 and cleaved (active) caspase-3. Secondary antibodies were Alexa Fluor 680 goat anti-rabbit IgG (HϩL) (Molecular Probes) and IRDye 800-conjugated affinity purified anti-Mouse IgG (HϩL) (Rockland) for quantification with the Odyssey infrared imaging system. For ADO and INO determination by HPLC, all solvents were HPLC grade (Carlo Erba Reagenti). The standard HCO 3 Ϫ -CO2 buffered medium was composed of (in mmol/l) 99.25 NaCl, 0.3 NaH2PO4, 10 NaHCO3, 4 KCl, 0.79 MgCl2, 0.75 CaCl2, and 8 D-glucose. This culture medium was equilibrated in the chamber (see Anoxia-reoxygenation and electromechanical recordings) with 2.31% CO2 in air yielding a pH of 7.4.
Hypoxia Protocol
Fertilized eggs from Lohman Brown hens were incubated 96 h to stage 24HH according to the Hamburger-Hamilton (16) at an oxygen level of 21% O2 (normoxic group, N) or transiently at 10% O2 (hypoxic group, H) in a hypoxic chamber placed in an incubator maintained at 37.5°C and 80 -90% humidity. The chamber containing 16 eggs positioned horizontally was equipped with an inlet and outlet and continuously flushed with a humidified calibrated gas (10% O 2, rest N2). To assess the rate of ADO and INO accumulation in the myocardium and the kinetics of gene expression, the eggs were exposed to hypoxia during the last 1, 2, 3, 4, and 6 h of incubation. However, the standard duration of hypoxia used in this study was 6 h (Fig. 1A) . This investigation fully conformed with the "Guiding Principles for Research Involving Animals and Human Beings" of the American Physiological Society and was approved by the veterinary authorities of the State of Vaud, Switzerland.
Experimental Procedures
Glycogen metabolism. To determine whether ADO could alter myocardial glycogen content, N or H spontaneously beating hearts were placed in 24 plastic wells in the absence or presence of ADO (1 mM) during 90 min at 37.5°C under normoxia. Hearts were then dissected in atria (A), ventricle (V), and outflow tract (OT), and all parts were stored at Ϫ20°C for subsequent biochemical determinations. As the Akt/GSK3␤/GS cascade could be involved in glycogen metabolism via ADO receptors, phosphorylation level of the three enzymes was determined after 7, 15, 30, 60, and 90 min Ϯ ADO. Furthermore, instead of ADO, specific agonists of A 1AR, A2AAR, and A3AR were used to identify the receptor involved. The rate of glycogen depletion in glucose-free medium was also determined Ϯ ADO in A, V, and OT. ADO-induced arrhythmias. The transient arrhythmogenic effect of exogenous ADO on activity of isolated N and H hearts was also investigated. The ratio of the number of arrhythmic hearts (all types of arrhythmias) to rhythmic hearts at a given time point was determined and reported as "percentage of arrhythmic hearts" as previously published (40) .
A
Anoxia-reoxygenation and electromechanical recordings. To determine to what extent the response of N and H hearts to anoxiareoxygenation can be differently altered by ADO, spontaneously beating hearts were placed in the culture compartment of an airtight chamber maintained at 37.5°C. Electrocardiogram (ECG) and contractile activity were recorded as described elsewhere in detail (44) . ECG of the ex vivo embryonic heart displayed characteristic P, QRS, and T components, which allowed to assess PP and PR intervals, QT duration, amplitude, and width of the QRS complex and T wave.
Because of the variations of the ECG morphology from one heart to another, the isoelectric line was technically difficult to determine, making difficult the determination of the actual QT interval. Instead, the time interval between the Q wave and the peak (p) of the T wave was easily measurable and reported as QTp as described elsewhere (40) . Simultaneously with ECG, ventricular shortening at the apex was determined using wall motion detection, which allowed to investigate the ventricular electromechanical delay (EMDv), reflecting excitation-contraction (E-C) coupling. After 45 min of stabilization, hearts were submitted to 30 min of anoxia (0% O 2) followed by 60 min of reoxygenation (21% O2) in the absence or presence of 1 mM ADO (Fig. 1A) . Arrhythmias induced by anoxia-reoxygenation were characterized mostly according to the classical diagnosis used in clinical human practice and were considered as present if documented at least once in a given recording (44) . The efficiency of the atrio- ventricular (AV) propagation was calculated as the ratio of the ventricular to the atrial electrical activity duration and was expressed as a percentage, 100% representing one to one AV conduction (46) .
Quantitative Real-Time PCR Analysis
The quantitative real-time PCR (qRT-PCR) has been performed as described in detail in our recent work (41) . The following sets of oligonucleotides were purchased from Microsynth (Balgach, Switzerland): GAPDH, A 1AR, A2AAR, A2BAR, A3AR, AdK, CD39, CD73, ADA, ENT1, ENT3, ENT4, CNT3, and HIF-1␣ (Table 1 ). The level of mRNA expression in A, V, and OT was investigated with GAPDH as a reference gene (41) . The framework of the components of the adenosinergic system investigated in this study is represented in Fig. 1B .
Western Blotting
Because of the very small size of the hearts (ϳ70 g protein), three hearts or 6 atria, 3 ventricles, and 6 outflow tracts were pooled for each determination. Briefly, samples were denatured, separated on SDS-polyacrylamide gels, and electroblotted on nitrocellulose membranes (41) . Membranes were blocked and probed overnight with phosphorylated or total form antibodies. The membranes were then incubated with secondary anti-rabbit antibody. Immunoreactive bands were detected with enhanced chemiluminescent procedure.
Adenosine and Inosine Determination
ADO and INO myocardial content (i.e., in intracellular ϩ interstitial compartments; expressed as nmol/mg protein) was determined by progressive depletion of glycogen in the ventricle of the hearts beating in vitro without glucose. ADO (1 mM) had no effect on the rate of glycogenolysis. n ϭ 8 -10. C: effect of ADO (1 mM) on phosphorylation level of Akt, GSK3␤, and GS in the whole heart during 90 min in vitro under normoxia (n ϭ 3-10 determinations). D: after 10 min, ADO (100 M) or the A1AR agonist (CCPA, 10 M) significantly increased the phosphorylation level of Akt and GSK3␤ in the whole heart, whereas agonists of A2AAR (CGS-21680 10 M) and A3AR (IB-MECA 10 M) had no effect (n ϭ 5-12 determinations). Representative Western blot (top) and quantification (bottom) are shown.
high performance liquid chromatography according to our previous work (41) . Hearts from embryos exposed in ovo to normoxia or 2, 4, and 6 h of hypoxia were rapidly explanted at 0 -4°C in the medium containing the ADA inhibitor (EHNA, 10 M) to avoid ADO degradation into INO and stored at Ϫ80°C. Protein and glycogen determination. Protein and glycogen were determined according to our previous works (37, 42) . Briefly, protein content was determined using BCA protein assay kit (Thermo Scientific Pierce) and BSA as the standard. Glycogen content was determined spectrofluorometrically according to Nahorski and Rogers (29) , using an automated setup (Synergy MX, Biotek, 96 wells) and expressed as equivalent of glucose units (GU) normalized for protein content. Before dissection in A, V, and OT and storage at Ϫ20°C, all hearts were thoroughly rinsed at 0 -4°C (60 min on a rotary shaker) in glucose-free solution to eliminate all traces of glucose remaining in the cardiac cavities and that could interfere with ulterior measurements. Glycogen and protein were determined in the same hearts or cardiac parts. After being thawed, all samples were sonicated (3ϫ 2 s on an ice bath) for biochemical determinations.
Statistical Analysis
All values are reported as means Ϯ SE unless otherwise indicated. The significance of any difference between groups was assessed using the Mann-Whitney test. The statistical significance was defined by a value of P Յ 0.05 (*P Յ 0.05; **P Յ 0.01; ***P Յ 0.001).
RESULTS
Metabolic Consequences of Hypoxia
The myocardial growth was not altered by 6 h of hypoxia in ovo since the protein content of A, V, and OT was not affected, i.e., 17.2 Ϯ 0.8 g (n ϭ 30) and 19.8 Ϯ 1.9 g (n ϭ 16) in A, 31.5 Ϯ 1.3 g (n ϭ 59) and 33.6 Ϯ 2.1 g (n ϭ 31) in V, 12.1 Ϯ 0.6 g (n ϭ 30) and 13.4 Ϯ 1.4 g (n ϭ 16) in OT of normoxic and hypoxic hearts, respectively. Furthermore, the hearts of embryos submitted to hypoxia were quite resistant to apoptosis since the level of caspase-3 activation in A, V, and OT was not altered relative to the normoxic hearts (not shown). However, glycogen content was significantly decreased in all parts of the hearts after hypoxia indicating a metabolic adaptation to oxygen deficiency ( Fig. 2A) . During hypoxia ADO progressively accumulated in the heart but INO concentration did not change (Fig. 2B) .
In both N and H hearts exposure to exogenous ADO rapidly and transiently induced bradycardia and arrhythmias to the same extent, showing that 6 h of hypoxia during cardiogenesis did not alter the initial response to an acute adenosinergic stimulation (Fig. 2, C and D) .
ADO Preserved Glycogen Through Akt-GSK3␤-GS Signaling Cascade
Exposure to ADO during 90 min in vitro in the presence of glucose (8 mM) preserved glycogen in the ventricle of both N and H6 hearts (Fig. 3A) but had no effect in A and OT (not shown) relative to untreated groups. However, in the absence of glucose, glycogen was rapidly depleted and ADO did not alter the high rate of glycogenolysis in neither V (Fig. 3B ) nor in A and OT (not shown).
As glycogen synthesis depends on GS activity we assessed in the absence or presence of ADO the level of phosphorylation of Akt, GSK3␤, and GS known to be sequentially involved in glycogen regulation (Fig. 3C) . Within the first 15 min of exposure to ADO, Akt was activated (phosphorylated) and GSK3␤ was inactivated (phosphorylated). As expected, GS phosphorylation decreased, showing that GS was activated, a trend that was maintained during 90 min. In the presence of ADO, Akt and GSK3␤ were phosphorylated mainly via A 1 AR activation since only the specific agonist of A 1 AR (CCPA) increased Akt and GSK3␤ phosphorylation, whereas the agonists of A 2A AR and A 3 AR (CGS-21680 and IB-MECA, respectively) had no effect (Fig. 3D) . 
Expression of Genes Involved in ADO Signaling Was Strongly Altered by Hypoxia
Distribution of gene expression within the normoxic embryonic heart. In the present work we found that A 1 AR, A 2B AR, A 3 AR, and AdK mRNA levels were the highest in A, whereas expression of A 2A AR was the highest in A and OT (Fig. 4) . Our recent complementary study also shows that the highest expression of CD39, ADA, and CNT3 is found in A and that of CD73 in V. ENT1 and ENT3 are homogeneously distributed, whereas ENT4 expression is the highest in the OT (41) .
Differential gene regulation by hypoxia in atria, ventricle, and outflow tract. Exposure of the embryos to 6 h of hypoxia differentially decreased the level of mRNA expression of A 1 AR and A 2B AR within the heart but did not affect expression of A 2A AR and A 3 AR (Fig. 5A) . Expression of the investigated equilibrative (except ENT1 in A) and concentrative nucleoside transporters as well as expression of all intracellular and extracellular enzymes involved in ADO metabolism were significantly downregulated by hypoxia. The hypoxia-specific transcription factor HIF-1␣ was stable during the first 3 h of hypoxia in A, V, and OT (not shown) and downregulated afterward at the mRNA and protein levels (Fig. 5, B and C) . Gene regulation of ADA and CD73 after 1, 2, 3, and 4 h hypoxia in A, V, and OT showed a characteristic spatiotemporal pattern (Fig. 6) . Interestingly, of the two major enzymes regulating production (CD73) and degradation (ADA) of ADO, the most rapid (1 h) and marked hypoxia-induced downregulation was found for ADA in A, whereas CD73 was transiently upregulated after 2 h in A (Fig. 6 ) and downregulated after 6 h hypoxia in all parts of the heart (Fig. 5A) .
Effects of hypoxia and ADO on cardiac activity during anoxia-reoxygenation. Under preanoxia, all N hearts (Ϯ ADO) were rhythmic, whereas 50% (n ϭ 6) and 33% (n ϭ 6) of the H6 hearts presented spontaneous arrhythmias in the absence and presence of ADO, respectively. Anoxia and reoxygenation transiently and significantly altered electromechanical parameters and induced several types of arrhythmias in both N and H hearts. The principal types of arrhythmias were transient atrial tachycardia (range 180 -300 beats/min) and bradycardia (range 110 -140 beats/min), atrial ectopy, second degree AV blocks (2:1 to 8:1), Wenckebach phenomenon (Mobitz type I), third degree AV blocks (ventricular escape beats), and intermittent cardioplegia as previously documented (44, 45) . Some of these arrhythmias are illustrated in Fig. 7 . Hypoxic hearts showed the lowest atrial and ventricular tolerance to anoxia and the most delayed recovery at reoxygenation relative to N hearts (Fig. 8) . Under anoxia, in both the N and H6 groups ADO significantly prolonged electrical activity of A and V (Fig. 8A ) and improved the efficiency of the AV propagation (Fig. 8B) . At reoxygenation, 20% and 33% of the untreated N and H6 hearts presented third-degree AVB, whereas the presence of ADO increased these percentages to 100% and 62%, respectively (see Fig. 7B at 10 min reoxygenation) . Moreover, in the N group ADO delayed ventricular but not atrial recovery (Fig. 8C) , which also suggests that ADO tended to dissociate atrial and ventricular activity only during reoxygenation while ADO improved AV conduction under anoxia (Fig.  8B) . However, electromechanical activity of all investigated hearts fully recovered after 60 min reoxygenation, whatever the treatment.
ADO had, as expected, 1) a bradycardic effect associated with a decrease of PR interval under preanoxia in N hearts but not in H hearts, 2) restored QTp interval in H6 hearts under preanoxia and during reoxygenation, and 3) suppressed the bradycardia observed during the first 10 min of reoxygenation in N hearts (Fig. 9) . The width of the QRS complex (preanoxic 11.1 Ϯ 0.3 ms, n ϭ 20) and EMDv (preanoxic 15.7 Ϯ 0.6 ms, n ϭ 19) were transiently and significantly increased (P Յ 0.01) after 10 min anoxia and after 10 min reoxygenation by 27% and 33% for QRS and 65% and 110% for EMDv, respectively, with no difference between the four experimental groups. These data indicate that intraventricular conduction and E-C coupling were impaired reversibly during anoxia-reoxygenation and, in particular, that ADO had no effect on these parameters.
DISCUSSION
Metabolic Consequences of Hypoxia
Under our experimental conditions the level of oxygenation was strictly controlled since in the chicken hypoxia acts directly on the embryo developing in ovo without any maternal influence, by contrast with mammalian embryo developing in utero. The protein content in the A, V, and OT did not change after 6 h hypoxia relative to normoxia showing that the growth rate was not affected. Our data also show that on the basis of caspase-3 activation, the programmed cell death required for normal cardiac morphogenesis was not increased by 6 h hypoxia in neither A and V nor in OT, which displays the highest apoptotic activity (2, 11) . Thus, like the embryonic mouse heart (ED9.5) (57), the 4-day-old embryonic chick heart appears to be quite resistant to hypoxia-induced apoptosis.
The high myocardial concentration of ADO found in ovo under normoxia appears to be a metabolic characteristic for the embryonic heart developing normally in an environment poor in oxygen. This is in line with the important role that ADO plays in regulation of the embryonic cardiovascular function (35) . It should be noticed that the ratio INO/ADO of 4 under normoxia is close to the ratio INO/ADO Ͼ3 found in hypoxic embryonic and adult cardiomyocytes (1, 27) and that INO can also alter cardiac activity in an autocrine/paracrine manner as we recently showed (41) . In the present work, the timedependent myocardial accumulation of ADO under hypoxia with no effect on INO level ( Fig. 2A) can be partly explained by the marked downregulation of both AdK and ADA expression since AdK and eADA are the principal enzymes responsible for the removal of intra-and extracellular ADO, respectively (32).
Activation of the Adenosine A 1 Receptor Played a Role in Glycogen Metabolism
After 6 h hypoxia, glycogen content significantly decreased in all cardiac parts, indicating that this endogenous substrate was mobilized to maintain cardiac energy metabolism and electromechanical activity. As it was technically difficult to assess in ovo the effect of ADO on glycogen metabolism without disturbing embryogenesis, we investigated this issue in ex vivo hearts. Under our experimental conditions, in the presence of glucose, ADO activated the Akt-GSK3␤-GS cascade through A 1 AR favoring glycogen synthesis (and/or limiting glycogenolysis). By contrast, in glucose-free medium ADO did not affect the high glycogenolytic rate in A, V, and OT. These observations strongly suggest that accumulation of ADO during 6 h of hypoxia in ovo could regulate myocardial glycogen utilization and content through GS activation, a process that can cope with an adverse environment. These data are in line with the fact that A 1 AR activation preserves (10) or increases (7) glycogen level through activation of GS (9) in the ischemic-reperfused rat heart. It is noteworthy that GSK3␤ is also markedly phosphorylated in the anoxic-reoxygenated embryonic chick heart (34).
Hypoxia Downregulated the Adenosinergic System
Importantly, downregulation of ADA by hypoxia was the most marked and rapid in A relative to V and OT and compared with all the genes investigated. In addition, the level of ADA downregulation throughout hypoxia was significant after 1, 4, and 6 h in the A, V, and OT, respectively, thus displaying a decreasing atrio-ventriculo-conotruncal gradient (Fig. 6 ). As previously documented (41), ADA basal expression also exhibits a gradient along the heart tube (A ϭ 1 Ͼ V ϭ 0.5 Ͼ OT ϭ 0.2). In combination with downregulation of ADA the transient upregulation of CD73 expression after 2 h hypoxia could temporarily contribute to interstitial accumulation of ADO, specially in atrial myocardium (Fig. 6) , a phenomenon that disappeared after 6 h when both eADA and CD73 are downregulated. Regarding ADO signaling in the developing heart, such a region-specific gene expression and regulation indicates that A copes with adverse conditions the most rapidly compared with V and OT. HIF-1␣ was strongly expressed as in the embryonic mouse heart (20) , and its expression at the mRNA and protein level unexpectedly decreased in A, V, and OT after 6 h of hypoxia. Such a HIF-1␣ downregulation is also observed in the heart of the Tibet chicken embryo developing under hypoxia (13% O 2 ) (63) and in various cell types (23, 52) . The transcriptional control of A 2B AR, CD73, ENT1, and AdK is known to involve HIF-1␣ (6), which is in line with our findings. Nevertheless, whether transcription of A 1 AR, A 3 AR, ENT3, ENT4, CNT3, CD39, and ADA involves HIF-1␣ remains unknown. The mechanism by which HIF-1␣ is negatively regulated by prolonged hypoxia is beyond the scope of this study.
In atria the functionally predominant receptor A 1 AR (40, 43) was the most downregulated by hypoxia while expression of the other receptors was unchanged (Fig. 5) . The bradycardic and arrhythmogenic effects of ADO on both N and H6 hearts (Fig. 2) could be explained by the fact that A 1 AR shows the highest ligand activity and is the main receptor implicated in ADO-induced pacemaking and conduction disturbances (40) . Furthermore, downregulation of A 1 AR in A and V might be critical since this receptor plays an important role in protection of the embryonic heart against prolonged hypoxia (49, 58) . In line with this observation we found that the duration of electrical activity of A and V under anoxia was shorter in H6 hearts (in which A 1 AR is downregulated) than in N hearts (Fig. 8) .
All enzymes and transporters (except ENT1 in A) were significantly less expressed in H than in N hearts. In particular, the reduced expression of the transporters could contribute to extracellular accumulation of ADO during hypoxia. However, the fact that the ADO level only doubled and INO level remained unchanged after 6 h hypoxia (Fig. 2B ) could be partly due to the global downregulation of the expression of enzymes and transporters. This phenomenon might be considered as a process limiting an excessive and potentially arrhythmogenic accumulation of ADO during hypoxia. Indeed, by comparison, the only pharmacological inactivation of ADA and ENTs in N hearts, with no functional alteration of other components, rapidly increases ADO level eightfold within only 2 h and provokes arrhythmias (41) .
Adenosine Was Cardioprotective During AnoxiaReoxygenation
Although the embryonic/fetal heart develops and functions normally in an intrauterine environment characterized by a low oxygen level, it reacts rapidly to abrupt oxygen shortage and reoxygenation (19, 31, 36, 44) . Such a stress was used in the context of ADO signaling to reveal possible functional differences between N and H6 hearts, which are not detectable otherwise. In the embryonic chick heart, the functional disturbances (i.e., chrono-, dromo-and inotropic effects) and the ultrastructural modifications (e.g., mitochondrial and nuclear swelling) induced by 30-min anoxia followed by 60-min reoxygenation are reversible (46) . However, our present data show that the development of the 4-day-old chick embryo under hypoxia (6 h) led to an increased vulnerability of the heart subsequently exposed to anoxia/reoxygenation, even though ADO prolonged activity and improved A-V conduction during anoxia and normalized ventricular activation (QTp) under preanoxia and reoxygenation. For the same heart rate, QTp interval was shorter in H6 hearts than in N hearts, and this difference was abolished by ADO during preanoxia and troughout reoxygenation (Fig. 9) . A possible interpretation is that such a QTp normalization in H6 hearts by ADO could be associated with the subtle increase of calcium entry in cardiomyocytes through L-type Ca 2ϩ and/or TRPCs channels via A 1 AR activation as we recently demonstrated in the same experimental model (40, 43) .
ADO may specially protect atrial pacemaking against a postanoxic stress as the bradycardia in the N hearts upon reoxygenation was suppressed by ADO. The fact that this effect was not observed in H6 hearts indicates that 6 h of hypoxia at high ADO level could improve the resistance against reoxygenation disturbances, alike in ADO-mediated preconditioning of ventricular myocytes of 14-day-old chick embryo (24) and in chronically hypoxic cardiomyocytes from rat heart (4).
We previously showed that reoxygenation of the embryonic heart after 30 min anoxia produces a burst of reactive oxygen species (ROS) in A, V, and OT (37) . Furthermore, in chick embryonic cardiomyocytes (10-day-old embryo) the peak of ROS at reoxygenation is reduced by ADO through A 1 AR and A 2A R (60) . Also in adult cardiomyocytes, pretreatment with ADO reduces the reoxygenation-induced ROS production (30) and has antioxidant properties (15, 54, 61) . The fact that H6 hearts displayed the lowest tolerance to 30 min anoxia and the most delayed recovery at reoxygenation relative to N hearts could be partly explained by glycogen depletion (30%). Indeed, we previously showed that glycogen depletion augments the reoxygenation-induced ROS production and/or weaken the defense against oxyradicals (37) . Such observations and our present findings suggest that ADO-induced preservation of glycogen can afford cardioprotection against anoxia/reoxygenation following hypoxia.
Perspectives and Significance
The heart is the first organ to become fully functional early during embryogenesis and rapidly assures a proper blood flow to provide oxygen and nutrients to the other growing organs. Thus any disturbances of its activity by a stress could have detrimental consequences during embryonic or fetal life. The intrauterine hypoxia represents a clinically relevant stress at the level of the developing organism and exacerbates the ATPderived ADO production. ADO is a major regulator of the function of the developing cardiovascular system, therefore, its metabolism and signaling under adverse conditions deserve to be investigated. Together, our data show for the first time that a reduction in ambient oxygen availability during early cardiogenesis rapidly decreases expression of enzymes, transporters, and specific receptors involved in the adenosinergic system (see Fig. 1B) , which disturbs the electromechanical activity of the heart. However, such a downregulation of the components of the adenosinergic system can be regarded as a coping response to prolonged hypoxia, limiting the potentially detrimental accumulation of ADO in the myocardium without interfering with ADO signaling. Our experimental model can help to better decipher the cellular and molecular mechanisms underlying embryonic and fetal cardiac dysfunction induced by ADO accumulation when oxygenation is deficient.
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